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ABSTRACT 

A 260 kW magnetoplasmadynamic t h r u s t e r  t e s t  f a c i l i t y  was assembled  and used t o  c h a r a c t e r i z e  
t h r u s t e r s  a t  power l e v e l s  up  t o  130 kW u s i n g  a r g o n  and h e l i u m  p r o p e l l a n t s .  S e n s i t i v i t i e s  o f  d i s -  

2 c h a r g e  c h a r a c t e r i s t i c s  t o  a r c  c u r r e n t ,  mass f low r a t e ,  and a p p l i e d  m a g n e t i c  f i e l d  were i n v e s t i g a t e d .  
% A t h e r m a l  e f f i c i e n c y  c o r r e l a t i o n  d e v e l o p e d  b y  o t h e r s  for  low power MPD t h r u s t e r s  d e f i n e d  p a r a m e t r i c  

g u i d e l i n e s  t o  m i n i m i z e  e l e c t r o d e  l o s s e s  i n  MPD t h r u s t e r s .  Argon and h e l i u m  r e s u l t s  s u g g e s t  t h a t  a 
parametel- d e f i n e d  J S  t h e  p r o d u c t  o f  a r c  v o l t a g e  and t h e  square  r o o t  o f  t h e  mass f l o w  r a t e  must  exceed 
0 . 7  V - k g 1 / 2 - s e c - 1 / 2  i n  o r d e r  t o  o b t a i n  t h e r m a l  e f f i c i e n c i e s  i n  excess  o f  60 p e r c e n t .  

INTRODUCTION 

The magnetoplasmadynamic (MPD) t h r u s t e r  has p r o p u l s i o n  a p p l i c a t i o n s  f o r  E a r t h - o r b i t  t r a n s f e r ,  
maneuver ing  o f  l a r g e  space sys tems,  and i n t e r p l a n e t a r y  m i s s i o n s .  The h i g h  t h r u s t e r  s p e c i f i c  i m p u l s e  
(1000 to  5000 sec)  m i n i m i z e s  p r o p e l l a n t  r e q u i r e m e n t s  and t h e  demands f o r  mass t r a n s f e r  to  low-Ear th -  
o r b i t .  P o t e n t i a l  MPD t h r u s t e r  m i s s i o n s  i n  t h e  n e x t  few decades w i l l  p r o b a b l y  employ s o l a r  or n u c l e a r  
e l e c t r i c  power systems i n  t h e  3 0  t o  300 kW r a n g e .  F a r t h e r  t e r m  m i s s i o n s  w i t h  i n t e r p l a n e t a r y  p r o p u l -  
s i o n  a p p l i c a t i o n s  c o u l d  use  megawatt  c l a s s  n u c l e a r  power systems.  

fo rmance and I ' i f e  o f  p u l s e d  and s t e a d y - s t a t e  MPD t h r u s t e r s . l - 3  
q u a s i - s t e a d y  s t a t e  MPD t h r u s t e r s  because o f  t h r u s t e r / p o w e r  s y s t e m  s i m p l i c i t y  and modest vacuum f a c i l -  
i t y  r e q u i r e m e n t s .  P u l s e d  t h r u s t e r s ,  o p e r a t i n g  f o r  a b o u t  1 msec, a r e  t h e  o n l y  s o u r c e  o f  d a t a  concern-  
i n g  t h e  d i s c h a r g e  phenomena arid p e r f o r m a n c e  l i m i t s  o f  1 t o  10 MW c l a s s  MPD a r c j e t s .  

The most  a t t r a c t i v e  s p e c i f i c  i m p u l s e  and t h r u s t  e f f i c i e n c y  d a t a  to  d a t e  r e s u l t  from t h r u s t e r s  
u s i n g  h y d r o g e n  or l i t h i u m  p r o p e l l a n t s . 3  
p o t e n t i a l  s p a c e c r a f t  and g r o u n d  t e s t  f a c i l i t y  c o n t a m i n a t i o n  i s s u e s ,  i t  i s  l i k e l y  t h a t  s t e a d y - s t a t e  
t h r u s t e r  a p p l i c a t i o n s  w i l l  i n v o l v e  t h e  use  o f  hydrogen or h y d r o g e n i c  p r o p e l l a n t s .  The power,  t h e r -  
m a l ,  and vacuum s y s t e m  r e q u i r e m e n t s  for megawatt  c l a s s  s t e a d y - s t a t e  t h r u s t e r s  o p e r a t i n g  w i t h  h y d r o -  
g e n i c  p r o p e l l a n t s  e x c l u d e  t h e  use  o f  most  o f  t h e  e x i s t i n g  vacuum f a c i l i t i e s  i n  t h e  U n i t e d  S t a t e s .  
For example ,  a vacuum e n v i r o n m e n t  o f  l e s s  t h a n  4 ~ 1 0 - ~  Pa ( 3 ~ 1 0 - ~  t o r r )  i s  g e n e r a l l y  r e q u i r e d  t o  m i n i -  
m i z e  t h e  b a c k g r o u n d  gas e n t r a i n m e n t  e f f e c t s  o n  t h r u s t e r  p e r f ~ r m a n c e . ~  P r i o r  t o  1972 ,  a l a r g e  p e r -  
c e n t a g e  o f  t h e  d a t a  f o r  10 t o  100 kW i n e r t  gas ,  ammonia or h y d r o g e n  t h r u s t e r s  was o b t a i n e d  a t  vacuum 
f a c i l i t y  p r e s s u r e s  i n  excess  o f  1 . 3  Pa ( l . O x l O - *  t o r r ) .  I t  was shown t h a t  t h r u s t  u n c e r t a i n t i e s  o f  
50 t o  100 p e r c e n t  c o u l d  e x i s t  because o f  gas e n t r a i n m e n t  i n  a p p l i e d  f i e l d   device^.^>^ More r e c e n t l y ,  
s e l f - f i e l d ,  s t e a d y  s t a t e  MPD t h r u s t e r s  u s i n g  a r g o n  and n i t r o g e n  have been e v a l u a t e d  a t  vacuum t a n k  
p r e s s u r e s  be tween 1 and 2 . 7  P a . 5  
s e l f - f i e l d  t h r u s t e r  d a t a  c o u l d  be  o b t a i n e d  a t  f a c i l i t y  p r e s s u r e s  l e s s  t h a n  1.3 Pa.  

T h i s  p a p e r  d e s c r i b e s  a new MPD t h r u s t e r  t e s t  f a c i l i t y  c a p a b l e  o f  p r o v i d i n g  r e l i a b l e  p e r f o r m a n c e  
d a t a  f o r  s t e a d y - s t a t e ,  s e l f  and a p p l i e d - f i e l d  MPD t h r u s t e r s  o p e r a t i n g  i n  t h e  20  t o  250 kW power 
r a n g e .  The t e s t  f a c i l i t y  i n c l u d e s  t h e  vacuum chamber, power s u p p l i e s ,  w a t e r  c o o l i n g  system, p r o p e l -  
l a n t  m e t e r i n g ,  and t h r u s t  s t a n d .  P r e l i m i n a r y  per fo rmance o f  a s e r i e s  o f  t h r u s t e r s  o p e r a t e d  a t  a r c  
c u r r e n t s  from 500 t o  3000 A u s i n g  a v a r i e t y  o f  i n e r t  gases i s  d e s c r i b e d .  B a s i c  p e r f o r m a n c e  parame- 
t e r s  d i s c u s s e d  a r e  d i s c h a r g e  c h a r a c t e r i s t i c s ,  s t a r t i n g  t r a n s i e n t s ,  m a g n e t i c  f i e l d  e f f e c t s  and t h e r m a l  
e f f i c i e n c i e s .  

Over t h e  l a s t  t h r e e  decades,  a s i g n i f i c a n t  e f f o r t  has been expended i n  c h a r a c t e r i z i n g  t h e  p e r -  
Most  r e s e a r c h e r s  have used p u l s e d  or 

S i n c e  l i t h i u m  p r o p e l l a n t  may not be d e s i r a b l e  because of 

These r e s u l t s  showed t h a t ,  fo r  powers up t o  7 5  kW. r e l i a b l e  

THRUSTER AND MAGNET ASSEMBLY 

The MPD t h r u s t e r  used i n  t h i s  i n v e s t i g a t i o n  was d e r i v e d  f r o m  a commerc ia l  c o a x i a l  p lasma gener -  
a t o r  t h a t  i s  commonly used f o r  p lasma s p r a y i n g . 6  T h i s  commerc ia l  d e v i c e  was s e l e c t e d  because i t  
was c a p a b l e  o f  r o u t i n e l y  o p e r a t i n g  a t  3 0  to  60 kW for  e x t e n d e d  p e r i o d s  o f  t i m e  and c o u l d  be  used 
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i m m e d i a t e l y  t o  c h e c k o u t  t h e  new t e s t  f a c i l i t y .  
c o p p e r  anode assembly  i n  w h i c h  t h e  w a t e r  c i r c u i t  was c o n n e c t e d  i n  s e r i e s  w i t h  t h e  c a t h o d e  w a t e r  c o o l -  
i n g  hardware .  Anode channe l  d i a m e t e r s  a r e  l i s t e d  i n  T a b l e  I .  The anode channe l  ex tended from t h e  
u p s t r e a m  end d f  t h e  t h o r i a t e d  t u n g s t e n  c a t h o d e  t o  t h e  t h r u s t e r  e x i t  p l a n e .  The 13 mm d i a m e t e r ,  
2 p e r c e n t  t h o r i a t e d  t u n g s t e n  c a t h o d e  was b r a z e d  t o  a w a t e r - c o o l e d  copper  r e t a i n e r .  Cathode l e n g t h  
was d e f i n e d  as t h e  l e n g t h  o f  t h e  exposed t u n g s t e n  c a t h o d e .  Water f l o w  r a t e s  r a n g e d  f rom 0 . 4  t o  
0.7 l i t e r / s r i  d e p e n d i n g  o n  t h e  anode d e s i g n .  The t h r u s t e r  assembly  was u s u a l l y  s e a l e d  w i t h  O - r i n g s .  
O - r i n g s  n e a r  t h e  c a t h o d e  base were sometimes r e p l a c e d  w i t h  m e t a l  g a s k e t s  t o  m i n i m i z e  t h e  r i s k  o f  
O - r i n g  d e c o m p o s i t i o n  a t  h i g h  a r c  c u r r e n t s .  
and a l u m i n a  i n s u l a t o r s .  The b a s i c  p lasma g e n e r a t o r  c o u l d  be  e a s i l y  r e t r o f i t t e d  w i t h  d i f f e r e n t  anode 
and c a t h o d e  d e s i g n s .  Fo r  example,  a f l a r e d  anode d e s i g n  i s  shown i n  F i g .  2 .  

The d e v i c e ,  shown i n  F i g .  1 .  was compr ised o f  a 

The anode and c a t h o d e  were i s o l a t e d  u s i n g  f l u r o p o l y m e r  

Plasma s p r a y e r s  o p e r a t e  as t h e r m a l  a r c s  w i t h  i n l e t  p r e s s u r e s  u s u a l l y  g r e a t e r  t h a n  1 a tm.  I n  
o r d e r  t o  enhance t h e  e l e c t r o m a g n e t i c  t h r u s t  component t h e  anodes were d e s i g n e d  w i t h  l a r g e r  c h a n n e l s ,  
t h e  c u r r e n t  r a n g e  was e x t e n d e d  t o  3000 A ,  t h e  mass f l ow  r a t e s  were  r e d u c e d  t o  p r o v i d e  i n l e t  p r e s -  
s u r e s  between 1 . 3  and 13 kPa (IO t o  100 t o r r ) ,  and m a g n e t i c  f i e l d s  as h i g h  as 0.3 T were a p p l i e d .  
These changes enhanced t h e  e l e c t r o m a g n e t i c  a c c e l e r a t i o n  of t h e  p lasma.  V a l u e s  o f  J 2 / i  r a n g e d  f r o m  
l x l 0 l o  t o  3 x 1 O l 1  AZ-sec /ky ,  v a l u e s  w h i c h  g e n e r a l l y  i m p l y  a s i g n i f i c a n t  e l e c t r o m a g n e t i c  t h r u s t  c o n t r i -  
b u t i o n . 3 . ’  I n c r e a s e s  i n  t h e  J 2 / f i  p a r a m e t e r  r e s u l t e d  i n  h i g h e r  s p e c i f i c  i m p u l s e  o p e r a t i o n  and u l t i -  
m a t e l y  l e d  t o  t h e  o n s e t  o f  d i s c h a r g e  i n s t a b i l i t i e s . *  

For a l l  t e s t s ,  t h e  anode c h a n n e l  t o  c a t h o d e  r a d i u s  r a t i o s  were  r e s t r i c t e d  t o  l e s s  t h a n  2 . 0 5  
because o f  w a t e r  c o o l i n g  r e q u i r e m e n t s .  Rad ius  r a t i o s  i n  t h e  3 t o  5 r a n g e  have been f o u n d  t o  s i g n i f i -  
c a n t l y  enhance t h r u s t ,  i m p l y i n g  t h a t  anode g e o m e t r i e s  w i t h  s m a l l  c h a n n e l s  p r o b a b l y  w i l l  n o t  l e a d  t o  
h i g h l y  o p t i m i z e d  p e r f 0 r m a n c e . 9 ~ ~ ~  
t h e  t e s t - s t a n d  and a l s o  p r o v i d e d  b a s e l i n e  MPD t h r u s t e r  d a t a  i n  t h e  IO t o  80 kW r a n g e  a t  low vacuum 
f a c i l i t y  p r e s s u r e s .  T a b l e  I shows t h e  d i m e n s i o n s  o f  t h e  f o u r  t h r u s t e r  c o n f i g u r a t i o n s  t h a t  were  e v a l -  
u a t e d .  P a r a m e t r i c  v a r i a t i o n s  i n v o l v e d  anode d i a m e t e r ,  anode channe l  l e n g t h ,  and t h e  degree o f  anode 
f l a r e .  

The t h r u s t e r  s e r v e d  as a r u g g e d  t e s t  a r t i c l e  for e v a l u a t i o n  o f  

A s o l e n o i d  a p p l i e d - m a g n e t i c  f i e l d  was used w i t h  t h e  MPD t h r u s t e r  because p r e v i o u s  e x p e r i m e n t s  
i n d i c a t e d  t h i s  c o u l d  enhance p e r f o r m a n c e  and i m p r o v e  anode l i f e  b y  p r e v e n t i n g  a r c  a t t a c h m e n t  on t h e  
anode i n  t h e  form o f  l o c a l i z e d  s p o t s . 2 s 1 1 b 1 2  The magnet was d e s i g n e d  t o  p r o v i d e  a m a g n e t i c  f i e l d  o f  
a few t e n t h s  of a T e s l a  a t  t h e  c e n t e r  o f  t h e  magnet for a magnet c u r r e n t  o f  1500 A .  R e l a t i v e l y  h i g h  
s p e c i f i c  i m p u l s e  measurements have been o b t a i n e d  f rom low power MPD t h r u s t e r s  u s i n g  0.1 to  0 . 2  T mag- 
n e t i c  f i ~ l d s . ~  C a l c u l a t i o n s  showed t h a t  0.2 T f i e l d s  c o u l d  be  o b t a i n e d  by u s i n g  a b o u t  46 t u r n s  o n  a 
14 cm d i a m e t e r  s p o o l . 1 3  Copper t u b i n g ,  w i t h  a 1 . 3  cm o u t s i d e  d i a m e t e r  and a 0 .89  mm w a l l ,  was s e l e c -  
t e d  to  m i n i m i z e  c o i l  r e s i s t a n c e  and t o  p r o v i d e  a d e q u a t e  w a t e r  f l o w  r a t e s  fo r  magnet c o o l i n g .  G l a s s  
s h e a t h  i n s u l a t i o n  was used t o  p r e v e n t  t u b e - t o - t u b e  s h o r t i n g .  The magnet ,  shown i n  F i g s .  3 ( a )  and 
( b ) .  had four  l a y e r s  o f  t e n  c o i l s  each,  and a f i n a l  l a y e r  w i t h  s i x  c o i l s .  The number o f  c o i l s  i n  
t h e  f i n a l  l a y e r  was chosen p r i m a r i l y  f o r  ease o f  assembly .  The e l e c t r o m a g n e t  e n v e l o p e  was a p p r o x i -  
m a t e l y  15 cm l o n g  w i t h  a 28 cm o u t s i d e  d i a m e t e r  and a 14 cm i n s i d e  d i a m e t e r .  The magnet t u b i n g  p r o -  
v i d e d  a passage f o r  a b o u t  0 . 3  l i t e r / s e c  o f  w a t e r  c o o l i n g .  Maximum a v a i l a b l e  c o i l  c u r r e n t  was 1500 A .  

Measured and c a l c u l a t e d  a x i a l  m a g n e t i c  f i e l d  s t r e n g t h s  a r e  compared i n  F i g .  4 .  The l o c a t i o n s  o f  
c a t h o d e  and anode e x i t  p l a n e  a r e  shown as bands i n  F i g .  4 s i n c e  t h e  r e l a t i v e  l o c a t i o n  o f  t h e  t h r u s t e r  
and magnet was sometimes changed d u r i n g  t h e  c o u r s e  o f  t e s t i n g .  The f i e l d  s t r e n g t h  was c a l c u l a t e d  
u s i n g  e q u a t i o n s  d e v e l o p e d  i n  R e f .  13 .  The a x i a l  f i e l d  s t r e n g t h s  measured i n  t h e  r e g i o n  o f  t h e  c a t h -  
o d e  t i p  and t h e  t h r u s t e r  e x i t  p l a n e  were  a b o u t  0 .23  and 0 . 1 6  T, r e s p e c t i v e l y ,  f o r  a magnet c u r r e n t  
o f  1400 A .  The magnet c o i l  w a l l  t h i c k n e s s  o f  0 . 8 9  mm r e s u l t e d  i n  a power d i s s i p a t i o n  o f  a b o u t  49 kW 
a t  1400 A .  Maynet power was n o t  c o n s i d e r e d  i n  any  o f  t h e  t h r u s t e r  e f f i c i e n c y  a n a l y s e s .  

TEST FACILITY 

The t e s t  f a c i l i t y  c o n s i s t e d  o f  t h e  vacuum chamber, a p r o p e l l a n t  m e t e r i n g  p a n e l ,  w a t e r - c o o l i n g  
a p p a r a t u s ,  t h e  t h r u s t  s t a n d ,  t h e  power sys tem,  and a d a t a  a c q u i s i t i o n  system. T h i s  s e c t i o n  p r o v i d e s  
d e t a i l e d  d e s c r i p t i o n s  o f  each o f  t h e s e  sys tems,  t h e  p r o c e d u r e s  used,  and t h e  r e s u l t s  o f  c a l i b r a t i o n  
and d i a g n o s t i c  measurements.  

VACUUM CHAMBER 

The t h r u s t e r  and ’ t h r u s t  s t a n d  were mounted t o  a vacuum chamber b u l k h e a d  and were i n s e r t e d  i n t o  
a 3 m d i a m e t e r  b y  3 m l o n g  p o r t  as shown i n  F i g .  5 .  The p o r t  (or s p o o l p i e c e )  c o u l d  be  s e p a r a t e d  
from t h e  7 . 6  m d i a m e t e r  b y  21 m l o n g  m a i n  vacuum chamber b y  a g a t e  v a l v e .  
e v a c u a t e d  u s i n g  n i n e t e e n  0.8 m d i a m e t e r  h y d r o c a r b o n  o i l  d i f f u s i o n  pumps w i t h  f r e o n  t r a p s  c o o l e d  t o  
236 K .  The n o - f l o w  m a i n  chamber p r e s s u r e  was a p p r o x i m a t e l y  Z . O X ~ O - ~  Pa ( 1 . 5 ~ 1 0 - ~  t o r r ) .  P r e s s u r e s  
d u r i n g  normal  MPD t h r u s t e r  o p e r a t i o n  were m a i n t a i n e d  b e l o w  ~ X I O - ~  Pa t o  p r e v e n t  c o l l a p s e  o f  t h e  o i l  
d i f f u s i o n  pumps and t o  m i n i m i z e  h e a t i n g  o f  t h e  i n t e r m e d i a t e  s t a g e  r o t a r  pumps. For example,  a 

F a c i l i t y  p r e s s u r e s  were  m o n i t o r e d  i n  t h e  3 m p o r t  and i n  t h e  m a i n  chamber a t  l o c a t i o n s  of 12 and 

The vacuum chamber was 

n i t r o g e n  f l ow  r a t e  o f  I . O X I O - ~  k g / s e c  w o u l d  p r o d u c e  a p r e s s u r e  o f  8x10- $ Pa i n  t h e  m a i n  chamber. 
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16 m downstream o f  t h e  t h r u s t e r .  The p r e s s u r e s  f o r  hyd rogen ,  h e l i u m ,  neon, and a r g o n  were o b t a i n e d  
by  m u l t i p l y i n  t h e  i n d i c a t e d  r e a d i n g s  by  gas c o r r e c t i o n  f a c t o r s  o f  2 . 4 ,  5 .6 ,  3 . 2 ,  and 0 . 7 0 ,  
r e s p e c t i  v e l  y .94 

F i y u r e  6 shows t h e  vacuum chamber pressure-mass f l o w  r a t e  c a l i b r a t i o n  f o r  a r g o n ,  h e l i u m ,  and 
neon .  The c a l i b r a t i o n  was u n d e r t a k e n  by u s i n g  co ld -gas  f l o w .  The p r e s s u r e  was sensed i n  t h e  main 
chamber a p p r o x i m a t e l y  12 m f r o m  t h e  t h r u s t e r .  T h r u s t e r  d a t a  were t a k e n  w i t h  e i t h e r  15 o r  19 d i f f u -  
s i o n  pumps o p e r a t i o n a l .  Maximum f l o w  r a t e s  f o r  h e l i u m ,  n i t r o g e n ,  and a rgon  were a b o u t  4 . 5 ,  8 .0 ,  
and I ~ x I O - ~  k g / s e c ,  r e s p e c t i v e l y ,  when t h e  main chamber p r e s s u r e  was ~ x I O - ~  Pa ( 5 ~ 1 0 - ~ t o r r ) .  I t  i s  
e s t i m a t e d  t h a t  t h e  MPD t h r u s t e r  c o u l d  be o p e r a t e d  a t  power l e v e l s  i n  excess o f  200 kW i n  t h e  t e s t  
f a c i l i t y  and s t i l l  m a i n t a i n  s a t i s f a c t o r y  d i f f u s i o n  pump o p e r a t i o n .  Such an e s t i m a t e  i s  based on  a 
J2/h o f  1 x 1 0 l 1  A2-sec /kg ,  an a rgon  f l o w  r a t e  o f  1 . 5 x 1 W 4  k g / s e c .  and an a r c ' v o l t a g e  o f  a b o u t  50 V .  

D u r i n g  t h e  i n i t i a l  o p e r a t i o n a l  t e s t s  o f  t h e  f a c i l i t y ,  an a r c j e t  was o p e r a t e d  f r o m  20 t o  130 kW 
w i t h  a r g o n  and h e l i u m  f o r  p e r i o d s  o f  1 t o  3 h r .  I n  f i g .  7 ,  a t o m i c  e x c i t a t i o n  i n  t h e  plume o f  t h e  
130 kW h e l i u m  a r c j e t  i s  shown t o  e x t e n d  a t  l e a s t  4 m downstream o f  t h e  t h r u s t e r .  I n  t h i s  case,  t h e  
h i g h  h e l i u m  f l o w  r a t e s  p r e c l u d e d  use o f  t h e  d i f f u s i o n  pumps, so o n l y  t h e  r o t a r y  b l o w e r s  and r o u g h i n g -  
pumps were o p e r a t i n g .  The t h e r m a l  l o a d  f r o m  t h e  a r c j e t  exhaus t  was sp read  o v e r  a l a r g e  a r e a  o f  t h e  
7 .6  m d i a m e t e r  by 21 m chamber. A 0 .9  by  1 . 4  m molybdenum shee t  m e t a l  pane l  was p l a c e d  a b o u t  15 m 
f r om t h e  t h r u s t e r  t o  i n t e r s e c t  some o f  t h e  e x h a u s t .  
t h e  vacuum f a c i l i t y  s u r f a c e s  neve r  reached  tempera tu res  t h a t  would be a cause f o r  c o n c e r n  f o r  O - r i n g  
o r  v i e w i n g  p o r t  f a i l u r e .  
t i o n ,  p lasma d i a g n o s t i c s ,  and some e l e c t r o d e  e r o s i o n  d i a g n o s t i c s .  

D u r i n g  t e s t s  w i t h  a d u r a t i o n  o f  a f e w  h o u r s ,  

S h o r t  t e r m  t e s t s  o f  a few hours  were adequate f o r  pe r fo rmance  c h a r a c t e r i z a -  

PROPELLANT FEED SYSTEM 

The p r o p e l l a n t  f eed  system was d e s i g n e d  t o  p r o v i d e  t h r e e  p a r a l l e l  gas p a t h s  such t h a t  one or 
more gases m i g h t  be a v a i l a b l e  f o r  t h r u s t e r  o p e r a t i o n .  
f r o m  t h e  m u l t i p l e  gas p a n e l .  
sors c o u l d  t h e n  be s e l e c t e d  t o  m o n i t o r  t h e  f l o w  r a t e .  Ranges were 0 .5 ,  5 ,  and 50 s t a n d a r d  l i t e r s  o f  
n i t r o g e n  p e r  m i n u t e .  P r e c i s i o n  f l o w  c o n t r o l  v a l v e s  were l o c a t e d  downstream o f  t h e  f l o w  m e t e r s .  
F lowmeter  a c c u r a c y  was e s t i m a t e d  t o  be l e s s  t h a n  2 p e r c e n t  o v e r  t h e  range  o f  IO t o  100 p e r c e n t  o f  
f u l l - s c a l e .  
neon f l o w  r a t e s  were based on  t h e  v e n d o r ' s  c a l i b r a t i o n  f a c t o r s .  

T h r u s t e r  i n l e t  p r e s s u r e  was sensed u s i n g  a c a p a c i t a n c e  manometer.  
a l l y  i n  t h e  4 t o  16 kPa r a n g e .  
t h e  s i g n i f i c a n t  p r e s s u r e  d r o p  a c r o s s  t h e  t h r u s t e r  p r o p e l l a n t  i n j e c t o r ,  t h e  i n l e t  p r e s s u r e  p r o v i d e d  
an upperbound o f  t h e  t h r u s t e r  chamber p r e s s u r e .  

The s e l e c t e d  gas passes t o  an a c c u m u l a t o r  
Accumu la to r  p r e s s u r e s  were a p p r o x i m a t e l y  0 . 2  MPa. One o f  t h r e e  sen- 

f l o w m e t e r s  were d i r e c t l y  c a l i b r a t e d  w i t h  a rgon  and h e l i u m .  E s t i m a t e s  o f  n i t r o g e n  and 

I n l e t  p r e s s u r e s  w e r e  gener -  
W h i l e  t h e  t h r u s t e r  chamber p r e s s u r e  was n o t  d i r e c t l y  measured due t o  

COOLING AND CALORIMETER S Y S T E M  

Water c o o l i n g  t o  t h e  a r c  and magnet was p r o v i d e d  by  two s e p a r a t e  pumpiheat  exchanger  assemb l ies  

The c l o s e d - l o o p  w a t e r  f l o w e d  t h r o u g h  po lymer  hose t o  f e e d - t h r o u g h s  i n  t h e  vacuum b u l k h e a d  and 

c a p a b l e  o f  s u p p l y i n g  0 .8  l i t e r l s e c  o f  w a t e r  a t  a p r e s s u r e  o f  1 MPa. D e - i o n i z e d ,  d i s t i l l e d  w a t e r  p r o -  
v i d e d  c o o l i n g  i n  a c l o s e d - l o o p  system. The h e a t  exchanger  was c o o l e d  u s i n g  t h e  l a b o r a t o r y  w a t e r  sys-  
t e m .  
on t o  t h e  power and w a t e r  j u n c t i o n  l o c a t e d  abou t  1 . 5  m i n s i d e  t h e  3 m p o r t .  Water t h e n  f l o w e d  t o  
t h e  t h r u s t e r  t h r o u g h  t h e  power c a b l e s .  Two o t h e r  c l o s e d - l o o p  r e f r i g e r a t i o n  systems were a v a i l a b l e  
t o  pump 0.03 l i t e r / s e c  o f  w a t e r  t o  d i a g n o s t i c  p robes  or ca thode  a s s e m b l i e s .  

The MPD t h r u s t e r  ca thode  and anode were c o o l e d  by  t h e  same pump/heat exchanger .  
d a t a  were o b t a i n e d  f r o m  a c a l i b r a t e d  t u r b i n e  m e t e r .  
m e a s u r i n g  t h e  w a t e r  f l o w  r a t e  and t h e  change i n  w a t e r  t e m p e r a t u r e .  

Water f l o w  r a t e  
The power l o s t  t o  t h e  e l e c t r o d e s  was o b t a i n e d  by  

THRUST STAND 

The t h r u s t  s t a n d  must  p r o v i d e  a h i g h  r e s o l u t i o n  measurement o f  l ow  t h r u s t  g i v e n  t h e  f a c t  t h a t  
t h e  t h r u s t  t o  w e i g h t  r a t i o  o f  an MPD d e v i c e  i s  l e s s  t h a n  0.01. 
f i e l d s ,  v i b r a t i o n ,  and t h e r m a l  d r i f t  w e r e  o f  m a j o r  i m p o r t a n c e .  The t h r u s t  s t a n d ,  shown i n  F i g .  8 ,  
i s  an i n v e r t e d  pendulum whose u p r i g h t  f l e x u r e s  d e f l e c t  a b o u t  5 cm a t  a t h r u s t  o f  5 N .  
s t r u c t u r e  o f  t h e  t h r u s t  s t a n d  t r a n s f e r r e d  t h e  w e i g h t  o f  t h e  t h r u s t e r  t o  a system o f  f l e x u r e s  anchored  
t o  t h e  l o w e r  f rame.  The p r i m a r y  f l e x u r e s  c o n s i s t e d  o f  two 16 mm d i a m e t e r  copper  tubes  wh ich  w e r e  
60 cm l o n g .  The f l e x u r e s  p i v o t e d  a b o u t  an a x i s  1 . 5  m be low t h e  t h r u s t e r  c e n t e r l i n e  as shown i n  
f i g .  8.  The 16 mm copper  tubes  c a r r i e d  t h e  MPD a r c j e t  c u r r e n t  and c o o l i n g  w a t e r .  C u r r e n t  t o  t h e  
magnet t e r m i n a l s  was s u p p l i e d  by  two p a i r s  o f  9 mm d i a m e t e r  copper  t u b e s .  
g l e  6 mm d i a m e t e r  t u b e ,  and 22 f l e x i b l e  l i n k a g e s  t r a n s f e r r e d  t h e  i n s t r u m e n t a t i o n  s i g n a l s .  
r e s t o r i n g  f o r c e  was p r o v i d e d  by  t h e  16 mm d i a m e t e r  p r i m a r y  f l e x u r e s .  
t h r u s t  s t a n d  d i s p l a c e m e n t  was used t o  d r i v e  an e l e c t r o m a g n e t i c  damper.  
d u r i n g  b r i e f  p e r t u r b a t i o n s  and d i d  n o t  a f f e c t  s t e a d y  s t a t e  t h r u s t  measurement.  

T h r u s t  t a r e s  due t o  e l e c t r o m a g n e t i c  

The p i v o t i n g  

Gas was f e d  t h r o u g h  a s i n -  
The m a j o r  

The t i m e  d e r i v a t i v e  o f  t h e  
The damper was a c t i v e  o n l y  
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T h r u s t  s t a n d  d i s p l a c e m e n t  was measured b y  a movab le  i r o n  c o r e  i n  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  
t r a n s f o r m e r  (LVDT) w h i L h  was mounted t o  a f i x e d  r e f e r e n c e  s t r u c t u r e .  The t h r u s t  s t a n d  assembly  con-  
t a i n e d  a r e m o t e l y  c o n t r o l l e d  l e v e l i n g  mechanism t o  v a r y  t h e  a n g l e  o f  t h e  s t a n d  and a d j u s t  t h e  LVDT 
s i g n a l .  The r e m o t e  t h r u s t  s t a n d  l e v e l i n g  was r e q u i r e d  s i n c e  t h e  i n c l i n a t i o n  o f  t h e  s t a n d  w o u l d  
change a f t e r  t h e  vacuum chamber was e v a c u a t e d .  Remote c a l i b r a t i o n  of t h e  s t a n d  was o b t a i n e d  b y  
a p p l y i n g  s m a l l  w e i g h t s  J l o n g  t h e  t h r u s t  a x i s  u s i n g  m o n o f i l a m e n t  l i n e  and a p r e c i s i o n  p u l l e y .  The 
w e i g h t s  a p p l i e d  a f o r c e  i n  t h e  t h r u s t  d i r e c t i o n ,  and t h e  subsequent  d e f l e c t i o n  was sensed b y  t h e  
LVDT ( F i g .  8). I n  a d d i t i o n  t o  a p p l y i n g  t h e  c a l i b r a t i o n  w e i g h t s ,  a s m a l l  motor a c t i v a t e d  a l o c k - u p  
l e v e r  so t h e  t h r u s t  s t a n d  c o u l d  be  s a f e l y  i n s e r t e d  i n t o  and r e t r a c t e d  from t h e  vacuum chamber. 

ment  s i g n a l  showed no e v i d e n c e  o f  t h e r m a l  d r i f t .  The t h r u s t  measurement u n c e r t a i n t y  due t o  t h e r m a l  
d r i f t  and vacuum f a c i l i t y  i n d u c e d  v i b r a t i o n  was measured t o  be  l e s s  t h a n  5x10-3 N .  
i s  v e r y  s m a l l  s i n c e  a 50 kW t h r u s t e r  w i t h  an  o v e r a l l  e f f i c i e n c y  o f  30 p e r c e n t  a t  a s p e c i f i c  i m p u l s e  
o f  3000 sec w i l l  p r o d u c e  a t h r u s t  o f  a b o u t  1 N .  However,  t h r u s t  s t a n d  d i s p l a c e m e n t  e r r o r s  due t o  
m a g n e t i c  i n t e r a c t i o n s  have n o t  y e t  been r e s o l v e d .  T h r u s t e r  a r c  c u r r e n t s  o f  3000 A and a p p l i e d  f i e l d  
s t r e n g t h s  o f  a b o u t  0 . 3  T have r e s u l t e d  i n  e r r o r s  as h i g h  as 0 . 5  N .  D e s i g n  m o d i f i c a t i o n s  t o  m i n i m i z e  
t h e  e l e c t r o m a g n e t i c  t a r e s  a r e  i n  p r o g r e s s .  

The t h r u s t  s t a n d  was e v a l u a t e d  u s i n g  t h e  w a t e r - c o o l e d  MPD t h r u s t e r .  The t h r u s t  s t a n d  d i s o l a c e -  

T h i s  u n c e r t a i n t y  

POWER SYSTEM 

The power sys tem was p r i m a r i l y  composed o f  t h e  a r c  s u p p l y ,  a h i g h  v o l t a g e  a r c  s t a r t e r ,  t h e  
magnet s u p p l y ,  and s a f e t y  sensors  and i n t e r l o c k s .  The a r c  s u p p l y  c o n s i s t e d  o f  f o u r  w e l d i n g  power 
s u p p l i e s  connected  i n  a s e r i e s - p a r a l l e l  a r r a n g e m e n t  as shown i n  F i g .  9 .  The w e l d i n g  s u p p l i e s  were  
c o n t r o l l e d  b y  m a g n e t i c  a m p l i f i e r s ;  t y p i c a l  f e a t u r e s  a r e  d e s c r i b e d  i n  R e f .  15.  The a r c  s u p p l y  was 
i s o l a t e d  f r o m  vacuum f a c i l i t y  g r o u n d  t o  m i n i m i z e  e x t r a n e o u s  a r c i n g .  L i n e  power t o  t h e  a r c  s u p p l y  
was 460 V ,  3 phase and GO Hz. Haximum o u t p u t  power c a p a b i l i t y  was 264 kW a t  3000 A and 88 V .  F i g -  
u r e  1 0  shows t h e  g e n e r a l  l a y o u t  o f  t h e  f o u r  a r c  power s u p p l i e s ,  t h e  magnet s u p p l y ,  power c a b l e s ,  and 
w a t e r - c o o l e d  d i o d e s .  T h e  open c i r c u i t  v o l t a g e  was 160 V .  Arc c u r r e n t  was m o n i t o r e d  u s i n g  a 3000 A ,  
50 mV s h u n t .  D u r i n g  normal  a r c  o p e r a t i o n  and r e s i s t i v e  load-bank  t e s t s ,  t h e  peak-to-peak v o l t a g e  
r i p p l e  was a b o u t  5 p e r c e n t  d f  t h e  dc  l e v e l  o v e r  a 1000 t o  2000 A c u r r e n t  r a n g e .  C u r r e n t  r i p p l e  
c o u l d  not  be  o b t a i n e d  because o f  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  t o  t h e  low v o l t a g e  s h u n t  s i g n a l  w h i c h  
was sensed b y  an e l e c t r i c a l l y  f l o a t i n g  o s c i l l o s c o p e .  Two 2000 A s h u n t s  were used t o  check tht? c u r -  
r e n t  b a l a n c e  i n  t h e  s e r i e s - p a r a l l e l  a r r a n g e m e n t .  C u r r e n t s  from power s u p p l i e s  ( 1 ,  2 )  and ( 3 ,  4 )  
were  u s u a l l y  b a l a n c e d  t o  w i t h i n  5 p e r c e n t  ( F i g .  9 ) .  A r c  v o l t a g e  was o b t a i n e d  from p o t e n t i a l  l e a d s  
a t  t h e  MPD t h r u s t e r .  The a r c - s t a r t e r  power s u p p l y  was a h a l f - w a v e  r e c t i f i e r  c o n n e c t e d  t o  t h e  MPD 
t h r u s t e r  t h r o u g h  a 100 R c u r r e n t  l i m i t i n g  r e s i s t o r .  The s t a r t e r  s u p p l y  p r o v i d e d  an  open c i r c u i t  
v o l t a g e  o f  950 V and a s t e a d y - s t a t e  c u r r e n t  o f  a b o u t  0 .6  A .  

The power c a b l e s  c o n s i s t e d  o f  f o u r - 2 8  mm d i a m e t e r  c o p p e r  c a b l e s  s i z e d  c o n s e r v a t i v e l y  t o  h a n d l e  
750 A each.  Each c a b l e  c o n t a i n e d  1925 s t r a n d s  o f  0.056 cm d i a m e t e r  w i r e .  A t o t a l  o f  e i g h t  w a t e r -  
c o o l e d ,  2 5  mm d i a m e t e r  copper  r o d s  s e r v e d  as t h e  vacuum f e e d - t h r o u g h s  f o r  t h r u s t e r  power .  Feed- 
t h r o u g h  w a t e r - c o o l i n g  was p r o v i d e d  b y  t h e  l a b o r a t o r y  w a t e r  sys tem.  The c a b l e s  e x t e n d e d  a b o u t  1 .5  m 
i n t o  t h e  3 m d i a m e t e r  p o r t  t o  a w a t e r - c o o l e d  j u n c t i o n .  T h i s  w a t e r  and power j u n c t i o n  p r o v i d e d  f l e x i -  
b i l i t y  i n  r o u t i n g  t h e  w a t e r  l i n e s  and power c a b l e s  d i r e c t l y  to  t h r u s t e r s  or to  t h e  t h r u s t  s t a n d .  Two 
p a i r s  o f  w a t e r - c o o l e d  s t r a n d e d  copper  c a b l e s  were c o n n e c t e d  from t h e  power j u n c t i o n s  t o  t h e  a r c  e l e c -  
t r o d e s  or t h e  t h r u s t  s t a n d  power t e r m i n a l s .  On some o c c a s i o n s ,  each p a i r  o f  w a t e r - c o o l e d  s t r a n d e d  
c o p p e r  c a b l e s  was r e p l a c e d  b y  a 16 mm d i a m e t e r ,  1 . 2  mm w a l l  copper  t u b e  w h i c h  c a r r i e d  t h e  a r c  c u r r e n t  
and c o o l i n g  w a t e r .  A l l  exposed m e t a l  c o n d u c t o r s  were  wrapped w i t h  s i l i c o n e  t a p e  t o  p r e v e n t  a r c i n g  
t o  t h e  power c a b l e s .  

F i g u r e  9 a l s o  shows a 5500 A ,  w a t e r - c o o l e d  d i o d e  w h i c h  p r o v i d e d  h i g h  v o l t a g e  p r o t e c t i o n  f o r  t h e  
a r c  s u p p l y .  A m e t a l  o x i d e  v a r i s t o r  was i n c o r p o r a t e d  t o  p r o v i d e  a c u r r e n t  p a t h  i f  v o l t a g e  t r a n s i e n t s ,  
u p s t r e a m  o f  t h e  h i g h  c u r r e n t  d i o d e ,  exceeded 175 V .  

The a r c  was s t a r t e d  by s e t t i n g  t h e  a r g o n  f l o w  r a t e  t o  a p p r o x i m a t e l y  4 . 4 ~ 1 0 - ~  k g / s e c ,  i n i t i a t i n g  
a low c u r r e n t  g l o w  d i s c h a r g e  from t h e  s t a r t e r  s u p p l y ,  and a c t i v a t i n g  t h e  a r c  s u p p l y  w h i c h  was p r e s e t  
f o r  2000 A o p e r a t i o n .  Four seconds a f t e r  a r c  i g n i t i o n ,  t h e  a r c  c u r r e n t  was r e s e t  t o  1000 A ,  t h e  a r c  
s t a r t e r  was t u r n e d  o f f ,  and t h e  f l ow  r a t e  was r e d u c e d  t o  a b o u t  9 . 0 ~ 1 0 - 5  k g / s e c  w h i c h  was more t y p i c a l  
o f  t h e  low p r e s s u r e  MPD a r c .  A s  i n d i c a t e d  i n  F i g .  11,  t h e  a r c  c u r r e n t  r o s e  t o  a b o u t  5000 A i n  7 ms 
and was n e a r  t h e  p r e s e t  c u r r e n t  l e v e l  a t  0.5 s e c .  T h i s  p r o c e d u r e  h e a t e d  t h e  c a t h o d e  r a p i d l y  and usu- 
a l l y  showed v e r y  l i t t l e  e v i d e n c e  of e j e c t e d  e l e c t r o d e  m a t e r i a l .  I n  a l l  cases ,  t h e  a r c  was s t a r t e d  
w i t h  a r g o n .  T r a n s i t i o n  t o  a n o t h e r  p r o p e l l a n t  was a c c o m p l i s h e d  b y  c l o s i n g  t h e  a r g o n  i s o l a t i o n  v a l v e  
and o p e n i n g  t h e  v a l v e  f o r  t h e  d e s i r e d  p r o p e l l a n t .  
a c c u m u l a t o r  vo lume.  
e s t a b l i s h i n g  t h e  a r c  s u p p l y  open c i r c u i t  v o l t a g e ,  t u r n i n g  on t h e  s t a r t e r  s u p p l y ,  and f i n a l l y  p r o v i d -  
i n g  a s h o r t  d u r a t i o n  ( t l  s e c ) ,  h i g h  p r e s s u r e  a r g o n  p u l s e .  
was d e s i r e d  t o  p r e v e n t  o v e r l o a d i n g  t h e  vacuum f a c i l i t y  w i t h  p r o p e l l a n t  and c a u s i n g  c o l l a p s e  o f  t h e  
d i f f u s i o n  pump j e t s  and h e a t i n g  o f  t h e  r o t a r y  pumps. 
u n d e r  d e v e l o p m e n t .  

T h i s  t r a n s i t i o n  t o o k  a b o u t  10 m i n  due t o  t h e  l a r g e  
The a r c  c o u l d  a l s o  be  s t a r t e d  b y  s e t t i n g  t h e  a r g o n  f l o w  r a t e  a t  9 . 0 ~ 1 0 - 5  k g / s e c ,  

A b r i e f  h i g h  p r e s s u r e  gas s t a r t i n g  p u l s e  

An au tomated sequencer  s t a r t i n g  p r o c e s s  i s  now 
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D u r i n g  a r c j e t  o p e r a t i o n ,  t h e  anode o t e n t i a l  was found  t o  f l o a t  w i t h i n  10 V o f  f a c i l i t y  g round  
a t  a r g o n  f l o w  r a t e s  i n  excess o f  4 . 0 ~ 1 0 -  ! k g / s e c .  However,  t h e  anode f l o a t e d  t o  a b o u t  40 V above 
g round  a t  v e r y  low f l o w  r a t e s  o f  8 . 0 ~ 1 0 - ~  k g / s e c .  
a r c i n g  e x t e r n a l  t o  t h e  t h r u s t e r  as l o n g  as t h e  a r c  s u p p l y  was f l o a t i n g ,  power c a b l e s  were i n s u l a t e d .  
and t h e  f a c i l i t y  p r e s s u r e  was l e s s  t h a n  7 ~ 1 0 - ~  Pa. 

I n  a l l  cases t h e r e  was v e r y  l i t t l e  e v i d e n c e  o f  

A s i n g l e  w e l d i n g  s u p p l y  p r o v i d e d  power t o  t h e  e l e c t r o m a g n e t .  Maximum s t e a d y  s t a t e  c u r r e n t  was 
1500 A .  The peak - to -peak ,  c u r r e n t  r i p p l e  was a b o u t  20 p e r c e n t  o f  t h e  dc l e v e l  f o r  magnet c u r r e n t s  
f r o m  1000 t o  1400 A .  The power s u p p l y  was i s o l a t e d  f r o m  g round  as w e l l  as f r o m  t h e  a r c  s u p p l y .  A 
b l o c k i n g  d i o d e  was i n s e r t e d  i n  t h e  c i r c u i t  i n  t h e  e v e n t  t h a t  t h e  magnet was r e f e r e n c e d  t o  anode 
p o t e n t i a l .  A d i o d e  was p l a c e d  i n  p a r a l l e l  w i t h  t h e  s u p p l y  t o  s o f t e n  any t u r n - o f f  t r a n s i e n t s  t h a t  
m i g h t  be caused by t h e  h i g h  i n d u c t a n c e  l o a d .  

The MPD t h r u s t e r  system was i n t e r l o c k e d  f o r  s a f e t y  purposes as w e l l  as t o  p r o t e c t  t h e  vacuum 
chamber and t h e  t h r u s t e r .  Tab le  I 1  d e t a i l s  t h e  system sensors  and a c t i o n s  t a k e n  i n  t h e  e v e n t  o f  
abnormal o p e r a t i o n .  

PRELIMINARY THRUSTER PERFORMANCE 

P r e l i m i n a r y  e x p e r i m e n t s  w i t h  t h e  MPD t h r u s t e r  were d i r e c t e d  a t  d e t e r m i n i n g  t h e  d i s c h a r g e  c h a r -  
a c t e r i s t i c s  and t h e  s e n s i t i v i t y  o f  t h e  d i s c h a r g e  pa ramete rs  t o  geomet ry ,  f l o w  r a t e ,  and a p p l i e d  mag- 
n e t i c  f i e l d .  N e a r l y  a l l  o f  t h e  pe r fo rmance  c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  a t  i n l e t  p r e s s u r e s  between 
4 and 16 kPa ( 3 0  t o  120 t o r r ) .  F i n a l l y ,  i n s i g h t  i n t o  t h r u s t e r  p e r f o r m a n c e  was o b t a i n e d  by document-  
i n g  t h e  t h r u s t e r  t h e r m a l  e f f i c i e n c y  o v e r  a w ide  r a n g e  o f  p a r a m e t e r s .  T h r u s t  t a r e s  due t o  m a g n e t i c  
f o r c e s  p r e c l u d e d  r e p o r t i n g  o v e r a l l  t h r u s t e r  p e r f o r m a n c e .  

DISCHARGE C H A R A C T E R I S T I C S  

F i g u r e  12 d i s p l a y s  a r c  v o l t a g e  v e r s u s  a r c  c u r r e n t  f o r  s m a l l  and l a r g e  anode channe l  t h r u s t e r s .  
E l e c t r o m a g n e t  c u r r e n t s  i n  t h e  0 . 8  t o  1.4 kA range  were used,  r e s u l t i n g  i n  m a g n e t i c  f i e l d s  a t  t h e  
ca thode  t i p  f r o m  0 . 1 4  t o  0 . 2 3  T .  The a rgon  t h r u s t e r s  w i t h  s t r a i g h t  c y l i n d r i c a l  channe ls  g e n e r a l l y  
e x h i b i t e d  V-J c h a r a c t e r i s t i c s  w i t h  a n e g a t i v e  s l o p e  a t  a r c  c u r r e n t s  l e s s  t h a n  I 5 0 0  A .  Such c h a r -  
a c t e r i s t i c s  a r e  t y p i c a l  o f  h i g h  p r e s s u r e  the rma l  a r c s 1 6  r a t h e r  t h a n  low  p r e s s u r e  MPD a r c s  wh ich  
g e n e r a l l y  have p o s i t i v e  V-J  characteristic^.^^ T h r u s t e r  6 ,  w i t h  t h e  16.5 mm c h a n n e l ,  g e n e r a l l y  
o p e r a t e d  w i t h  a r c  v o l t a g e s  l e s s  t h a n  25 V .  When t h e  l a r g e r  channe l  t h r u s t e r  ( C )  was o p e r a t e d  a t  a r c  
c u r r e n t s  between 1 and 2 kA ,  t h e  a r c  v o l t a g e  was i n  t h e  25 t o  40 V r a n g e  depend ing  upon t h e  s e l e c t e d  
v a l u e s  o f  f l o w  r a t e  and a p p l i e d  m a g n e t i c  f i e l d .  I n  o r d e r  t o  p r e s e r v e  d i s c h a r g e  s t a b i l i t y ,  t h e  mag- 
n e t i c  f i e l d  a t  t h e  ca thode  had t o  be a t  l e a s t  0 . 0 4  T f o r  a l l  f o u r  t h r u s t e r  g e o m e t r i e s  t e s t e d  
( T a b l e  I ) .  F i g u r e  12 a l s o  shows t h a t ,  a t  a magnet c o i l  c u r r e n t  o f  800 A .  t h e  a r c  e x h i b i t e d  a d u a l  
v o l t a g e  mode c h a r a c t e r i s t i c  wh ich  has been o b s e r v e d  by  many i n v e s t i g a t o r s . 1 8  I n s t a b i  1 i t i e s  and d u a l  
mode o p e r a t i o n  w e r e  m i n i m i z e d  or d i d  n o t  e x i s t  a t  t h e  h i g h  m a g n e t i c  f i e l d s  and a r c  c u r r e n t s  i n  excess 
o f  1500 A .  A s  i n d i c a t e d  i n  R e f .  18,  t h e  l ow  v o l t a g e  mode was t h o u g h t  t o  be caused by  a r c  a t t a c h m e n t  
nea r  t h e  u p s t r e a m  end o f  t h e  anode channe l  w h i l e  t h e  h i g h  v o l t a g e  mode i s  caused by  a m a j o r  p o r t i o n  
o f  t h e  a r c  c u r r e n t  a t t a c h i n g  near  t h e  channe l  e x i t  p l a n e .  I t  was a l s o  s p e c u l a t e d  t h a t  as t h e  r a t i o  
o f  "downst ream c u r r e n t "  t o  t o t a l  a r c  c u r r e n t  i s  i n c r e a s e d ,  a p o s i t i v e  V-J c h a r a c t e r i s t i c  r e s u l t s  
and t h e  t h r u s t  and t h r u s t  e f f i c i e n c y  i n c r e a s e  s i g n i f i c a n t l y .  

T h r u s t e r  c h a r a c t e r i s t i c s  w e r e  documented a t  c o n d i t i o n s  r e p r e s e n t a t i v e  o f  h i g h  s p e c i f i c  i m p u l s e  
o p e r a t i o n  where e l e c t r o m a g n e t i c  f o r c e s  a r e  l i k e l y  t o  domina te  t h e  e l e c t r o t h e r m a l  t h r u s t  component.  
The f i g u r e  o f  m e r i t  was t h e  J 2 / h  pa ramete r  wh ich  has been used as an i n d i c a t o r  o f  a c c e l e r a t i o n  
mechanisms.7 
a t  a J 2 / h  o f  3 .8x101B A* -sec /kg  had an e l e c t r o m a g n e t i c  t h r u s t  component o f  a b o u t  98 p e r c e n t ;  t h i s  
component was reduced  t o  50 p e r c e n t  w i t h  a 

For- exam l e  d i a g n o s t i c  measurements have i n d i c a t e d  t h a t  an a rgon  MPD t h r u s t e r  o p e r a t e d  

J2/rh o f  3 . 4 ~ 1 0 9  A 2 - s e c / k g . 1 9  

The s m a l l  channe l  d iameter-  MPD t h r u s t e r  may n o t  be o f  much i n t e r e s t  because o f  i t s  l ow  a r c  v o l t -  
J 2 / i  

These d e v i c e s  may be o f  v a l u e  i n  s t u d y i n g  d i s c h a r g e  s t a b i l i t y  

F i g u r e  13 shows t h e  V-J c h a r a c t e r i s t i c s  f o r  h e l i u m  and neon u s i n g  t h e  s m a l l  channe l  t h r u s t e r .  

age and h i g h  e l e c t r o d e  l o s s e s ,  b u t  i t  was c a p a b l e  o f  o p e r a t i n g  s t a b l y  a t  v a l u e s  o f  
1 . 4 ~ 1 0 ~ ~  t o  3 . 5 ~ 1 0 ~ ~  A2-sec /kg  r a n g e .  
c r i t e r i a  and l i m i t s .  

i n  t h e  

The a r c  v o l t a g e  o f  h e l i u m  was abou t  t w i c e  t h e  a r g o n  v a l u e  u s i n g  T h r u s t e r  6 .  The h e l i u m  V-J c h a r -  
a c t e r i s t i c s  i n d i c a t e d  h i g h e r  a r c  v o l t a g e s  were o b t a i n e d  w i t h  a s h o r t e r  anode channe l  even a t  t w i c e  
t h e  mass f l o w  r a t e .  More d e t a i l e d  s t u d i e s  o f  d i s c h a r g e  c h a r a c t e r i s t i c s  a r e  r e q u i r e d  t o  b e t t e r  under -  
s t a n d  t h e s e  phenomena. The s e n s i t i v i t y  o f  a r c  v o l t a g e  t o  a r g o n  mass f l o w  r a t e  i s  shown i n  F i g .  14 .  
The d a t a  a t  4 . 5 ~ 1 0 - 4  k g / s e c  a r e  r e p r e s e n t a t i v e  o f  a the rma l  a r c  o p e r a t i n g  w i t h  an i n l e t  p r e s s u r e  o f  
n e a r l y  one a tmosphere .  A l l  o t h e r  d a t a  p o i n t s  have J 2 / &  pa ramete rs  g r e a t e r  t h a n  2x1010  A2-sec /kg  
and a r e  t h o u g h t  t o  r e p r e s e n t  c o n d i t i o n s  where e l e c t r o m a g n e t i c  f o r c e s  domina te  t h e  t h r u s t . 1 9  

S i n c e  t h e  anode l o s s e s  g e n e r a l l y  i n c r e a s e  m o n o t o n i c a l l y  w i t h  a r c  c u r r e n t ,  t h e  power a v a i l a b l e  
t o  t h e  p lasma may be o p t i m i z e d  a t  h i g h e r  a r c  v o l t a g e s  so l o s s e s  a s s o c i a t e d  w i t h  t h e  anode d r o p ,  
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e l e c t r o n  h e a t i n g ,  and e l e c t r o n  a b s o r p t i o n  a t  t h e  anode a r e  r e l a t i v e l y  s m a l l  .20 F i g u r e  14 i n d i c a t e s  
t h e  MPD a r c  v o l t a g e  was n e a r l y  d o u b l e d  b y  i n c r e a s i n g  t h e  anode channe l  a r e a  by a f a c t o r  o f  2 . 5 .  T h i s  
c o n c l u s i o n  i s  n o t  compromised by t h e  f a c t  t h a t  t h e  a r c  c u r r e n t s  a r e  n o t  i d e n t i c a l  s i n c e  t h e  a r c  v o l t -  
age o f  T h r u s t e r  E i s  r a t h e r  i n s e n s i t i v e  t o  a r c  c u r r e n t  i n  t h e  1 t o  2 kA r a n g e .  The i m p a c t  o f  t h e s e  
r e s u l t s  o n  t h e r m a l  e f f i c i e n c y  w i l l  be  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

The s e n s i t i v i t y  o f  a r c  v o l t a g e  to  a p p l i e d  m a g n e t i c  f i e l d  u s i n g  t h e  l a r g e  channe l  t h r u s t e r  i s  

The d i s c h a r g e  v o l t a g e  was i n c r e a s e d  b y  a b o u t  80 p e r c e n t  as t h e  magnet c u r r e n t  was v a r i e d  

shown i n  F i g .  1 5 .  Dua l  v o l t a g e  mode a r g o n  o p e r a t i o n  was e x h i b i t e d  w i t h  T h r u s t e r  C a t  an a r c  c u r r e n t  
o f  1500 A and magnet c u r r e n t s  b e l o w  800 A .  The d u a l  v o l t a g e  mode d i d  n o t  e x i s t  a t  an a r c  c u r r e n t  o f  
2000 A .  
from 500 t o  1400 A .  These magnet c u r r e n t s  c o r r e s p o n d e d  t o  m a g n e t i c  f i e l d s  o f  0.075 t o  0.23 T i n  t h e  
v i c i n i t y  o f  t h e  c a t h o d e .  The f l a r e d  anode e x h i b i t e d  h i g h e r  a r c  v o l t a g e s  t h a n  t h e  s t r a i g h t  channe l  
t h r u s t e r .  I t  i s  h y p o t h e s i z e d  t h a t  t h e  anode f l a r e  p romoted "downst ream a r c  a t t a c h m e n t "  and h i g h e r  
a r c  v o l t a g e s .  

THERMAL EFFICIENCY 

A l a r g e  f r a c t i o n  o f  t h e  MPD t h r u s t e r  i n p u t  power was d e p o s i t e d  i n  t h e  e l e c t r o d e s  a t  i n p u t  power 
l e v e l s  up t o  a b o u t  300 kk. For example,  i n  p r e v i o u s  work t h e  maximum power a v a i l a b l e  f o r  t h r u s t  p r o -  
d u c t i o n  w i t h  h y d r o g e n ,  ammonia, and a r  o n  MPD a r c j e t s  was f o u n d  t o  be  t y p i c a l l y  80, 70, and 60 p e r -  
c e n t  o f  t h e  i n p u t  power ,  r e s p e c t i v e l y . z - 1 2 . 2 1  
w h i c h  a r e  less e f f i c i e n t  and a r e  presumed t o  have l a r g e r  anode v o l t a g e  d r o p s  t h a n  r a d i a t i o n  c o o l e d  
MPD t h r u s t e r s  . 2  

These d a t a  were o b t a i n e d  f r o m  w a t e r - c o o l e d  d e v i c e s  

F i g u r e  1 6  compares t h e  t h e r m a l  e f f i c i e n c y  o f  T h r u s t e r s  B and D w i t h  s p e c i f i c  power as t h e  i n d e -  
p e n d e n t  v a r i a b l e .  S p e c i f i c  power i s  s i m p l y  d e f i n e d  as t h e  r a t i o  o f  e l e c t r i c  power t o  mass f l o w  
r a t e .  The t h e r m a l  e f f i c i e n c y  i s :  

The c o l d  gas power ,  Po ,  was n e g l e c t e d  i n  t h e  c a l c u l a t i o n s  s i n c e  i t  was l e s s  t h a n  0.3 p e r c e n t  o f  t h e  
e l e c t r i c  power f o r  a l l  d a t a  r e p o r t e d .  
o f  t h e  i n p u t  power was d e p o s i t e d  i n  t h e  e l e c t r o d e s  o f  t h e  s m a l l  channe l  t h r u s t e r  ( B ) .  The l a r g e  
c h a n n e l  t h r u s t e r  ( 0 )  w i t h  t h e  f l a r e d  anode had t h e r m a l  e f f i c i e n c i e s  o f  30 t o  53 p e r c e n t .  S i n c e  
T h r u s t e r  D e x h i b i t e d  a r c  v o l t a g e s  t h a t  were  g e n e r a l l y  15 t o  20 V h i g h e r  t h a n  v o l t a g e s  o f  t h e  s m a l l  
channe l  t h r u s t e r  ( E )  a t  a r c  c u r r e n t s  o f  1500 t o  2000 A ,  t h e  r a t i o  o f  anode f a l l  t o  a r c  v o l t a g e  was 
p r o b a b l y  s m a l l e r  u s i n g  t h e  l a r g e  channe l  t h r u s t e r  ( D ) .  

power .  T h i s  r e s u l t  was n o t  u n e x p e c t e d  s i n c e  t h e  a r c  v o l t a g e  g e n e r a l l y  d e c r e a s e d  or remained r e l a -  
t i v e l y  c o n s t a n t  w i t h  i n c r e a s i n g  a r c  c u r r e n t ,  so t h a t  t h e  f r a c t i o n a l  e n e r g y  losses  a s s o c i a t e d  w i t h  
t h e  anode f a l l  v o l t a g e ,  e l e c t r o n  h e a t i n g ,  and work f u n c t i o n  became r e l a t i v e l y  l a r g e .  An e f f e c t i v e  
anode f a l l  v o l t a g e  d e f i n e d  a s :  

A t  s p e c i f i c  powers g r e a t e r  t h a n  3 . 7 ~ 1 0 8  J / k g  a b o u t  90 p e r c e n t  

Thermal  e f f i c i e n c i e s  for  t h e  l a r g e  channe l  t h r u s t e r  ( D )  d e c r e a s e d  w i t h  i n c r e a s i n g  s p e c i f i c  

p!L v = -- 
e J  

has been used b y  o t h e r s  i n  d e s c r i b i n g  anode l o s s  phenomena.] 
v o l t a g e  i s  p l o t t e d  a g a i n s t  s p e c i f i c  power f o r  a r g o n ,  h e l i u m ,  and neon p r o p e l l a n t s .  Thermal a r c s ,  
o p e r a t i n g  a t  s p e c i f i c  powers o f  37 t o  1 2 5  MJ/kg ,  had an e f f e c t i v e  anode f a l l  v o l t a g e  o f  IO t o  15 V .  
The MPD t h r u s t e r s  o p e r a t i n g  a t  h i g h e r  s p e c i f i c  powers  and i n f e r r e d  h i g h e r  s p e c i f i c  i m p u l s e  had e f f e c -  
t i v e  anode f a l l  v o l t a g e s  o f  20 t o  30 V w h i c h  were a m a j o r  f r a c t i o n  o f  t h e  a r c  v o l t a g e  measured u s i n g  
T h r u s t e r s  A t o  D. 

I n  F i g .  1 7 ,  t h e  e f f e c t i v e  anode f a l l  

MPD t h r u s t e r  e x p e r i m e n t s  b y  Cann, e t  a l . 2 0  i n d i c a t e d  t h a t  t h e  anode power l o s ses  v a r i e d  l i n e a r l y  
w i t h  a r c  c u r r e n t  a t  f i x e d  f l o w  r a t e .  The anode loss  was a l s o  f o u n d  t o  v a r y  as t h e  r e c i p r o c a l  s q u a r e  
r o o t  o f  t h e  mass f l ow  r a t e  a t  f i x e d  a r c  c u r r e n t s .  These r e l a t i o n s h i p s  were  i n d i c a t i v e  o f  t h e  convec- 
t i o n  o f  e l e c t r o n  e n e r g y  w i t h  t h e  a r c  c u r r e n t ,  and such e f f e c t s  had been f o u n d  t o  e x i s t  i n  a r c j e t s  
d o m i n a t e d  b y  J o u l e  h e a t i n g  .22 Assuming 

P, = GJm .-1/2 ( 3 )  

where t h e  p a r a m e t e r  G depends o n  t h e  t y p e  o f  p r o p e l  l a n t 2 2  t h e n  

( 4 )  

These s i m p l e  r e l a t i o n s h i p s  p r o m p t e d  t h e  s e l e c t i o n  o f  i l ' 2 V  as t h e  c o r r e l a t i n g  p a r a m e t e r  f o r  
t h e  t h e r m a l  e f f i c i e n c y  d a t a  f o r  argon,  h e l i u m ,  n i t r o g e n  and neon.  A c l e a r  p a r a m e t r i c  r e l a t i o n s h i p  
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between t h e  the rma l  e f f i c i e n c y  d a t a  and a r c  c u r r e n t ,  J 2 / i ,  power,  o r  s p e c i f i c  power was n o t  e v i d e n t .  
The d a t a  shown i n  F i g .  1 8  were t a k e n  between 1 and 3 kA.  The the rma l  e f f i c i e n c y  i s  v e r y  s e n s i t i v e  
t o  t h e  i 1 l 2 V  pd ramete r  i n  t h e  0.13 t o  0 . 3 2  V -kg1 /2 -sec -1 /2  range .  
gases d i d  n o t  f o l l o w  t h e  s i m p l e  r e l a t i o n  o f  Eq. ( 4 ) .  t h e  t h e r m a l  e f f i c i e n c y  i n c r e a s e d  m o n o t o n i c a l l y  
w i t h  f i l / 2 V  up t o  abou t  0 .5  V - k g 1 / 2 - s e c - l / 2 .  The d a t a  where t h e  t h e r m a l  e f f i c i e n c y  appears t o  
app roach  an asympto te  a r e  the rma l  a r c  r e s u l t s  ( h i g h  f l o w  r a t e s  and dominant  J o u l e  h e a t i n g ) .  A l e a s t -  
s q u a r e s ,  f o u r t h  o r d e r  p o l y n o m i a l  f i t  f o r  t he rma l  e f f i c i e n c y  v e r s u s  l o g  (ni1/2V) had a c o r r e l a t i o n  
c o e f f i c i e n t  o f  0 .87.  T h i s  c o r r e l a t i o n  i s  good c o n s i d e r i n g  t h e  d a t a  o f  F i g .  18 were o b t a i n e d  u s i n g  
f o u r  p r o p e l l a n t s ,  f o u r  t h r u s t e r  g e o m e t r i e s ,  c u r r e n t s  f r o m  1 t o  3 kA,  and mass f l o w  r a t e s  f r o m  8x10-6 
t o  4 . 5 ~ 1 0 - ~  k g l s e c .  

A l t h o u g h  t h e  r e s u l t s  f o r  a l l  

The c o r r e l a t i o n  c u r v e  i n  F i g .  18 can a l s o  be compared t o  d a t a  o b t a i n e d  by o t h e r s  w i t h  ammonia 
and a r g o n .  
and ammonia d a t a  t a k e n  a t  NASA Lewis Research Cen te r  i n  1970.23 
t h e  u t h  - ( i 1 / 2 V )  c u r v e  deve loped  i n  F i g .  18. 
o f  t h e  t h e r m a l  e f f i c i e n c y  c u r v e .  For compar i son  pu rposes ,  t he rma l  e f f i c i e n c y  e s t i m a t e s  f r o m  a p u l s e d  
megawatt  t h r u s t e r  a r e  a l s o  shown i n  F i g .  1 9 . 2 4  
a t  v a l u e s  o f  g r e a t e r  t h a n  0.7 V-kg1 /2 -sec -1 /2  i n  o r d e r  t o  m i n i m i z e  e l e c t r o d e  l o s s e s .  
same t i m e ,  t h e  pa ramete r  must be d r i v e n  t o  s u f f i c i e n t l y  h i g h  l e v e l s  t o  ensu re  r e l a t i v e l y  l a r g e  
e l e c t r o m a g n e t i c  a c c e l e r a t i o n  and h i g h  s p e c i f i c  i m p u l s e  l e v e l s  i n  t h e  2000 t o  5000 sec range .  

F i g u r e  19 shows 100 kW c l a s s  a rgon  t h r u s t e r  r e s u l t s  f r o m  t h e  U n i v e r s i t y  o f  S t u t t g a r t 5  
These r e s u l t s  were c o n s i s t e n t  w i t h  

These ammonia and a rgon  d a t a  a r e  w i t h i n  = I 7  p e r c e n t  

A l l  d a t a  sugges t  t h a t  t h e  MPD t h r u s t e r s  be o p e r a t e d  
i 1 / 2 V  A t  t h e  
J2/i 

CONCLUDING REMARKS 

A s t e a d y - s t a t e  MPD t h r u s t e r  t e s t  f a c i l i t y  was assembled, i n c l u d i n g  a 260 kW power system, e l e c -  
t r o d e  c o o l i n g  a p p a r a t u s ,  t h r u s t  s t a n d ,  f e e d  system, d a t a  system and a vacuum chamber c a p a b l e  o f  pump- 
i n g  1 . 0 ~ 1 0 - ~  k g / s e c  o f  n i t r o g e n  a t  a b o u t  0.08 Pa. The o p e r a t i o n a l  c a p a b i l i t y  o f  t h e  t e s t  f a c i l i t y  
was c h a r a c t e r i z e d  u s i n g  MPD and t h e r m a l  a r c j e t s  a t  power l e v e l s  up t o  80 and 130 kW, r e s p e c t i v e l y .  
The t h r u s t  measurement u n c e r t a i n t y  due t o  t h e r m a l  and v i b r a t i o n  e f f e c t s  was l e s s  t h a n  5x10-3 N w h i c h  
i s  abou t  0 .5  p e v c e n t  o f  t h e  t h r u s t  p roduced  by a 50 kW a rgon  t h r u s t e r .  However,  m o d i f i c a t i o n s  a r e  
r e q u i r e d  t o  m i n i m i z e  t h r u s t  s t a n d  d i s p l a c e m e n t s  due t o  m a g n e t i c  f o r c e s  caused by  power c a b l e s  and 
t h e  e l e c t r o m a g n e t .  

n e t i c  f i e l d  were i n v e s t i g a t e d  u s i n g  f o u r  t h r u s t e r  g e o m e t r i e s .  A l l  MPD t h r u s t e r s  had anode channe l  
d i a m e t e r s  o f  2 6  mm or l e s s  and g e n e r a l l y  e x h i b i t e d  n e g a t i v e  V-J c h a r a c t e r i s t i c s  wh ich  a r e  t h o u g h t  
t o  be caused by  t h e  m a j o r i t y  o f  t h e  a r c  c u r r e n t  a t t a c h i n g  near  t h e  ups t ream end o f  t h e  anode c h a n n e l .  

( 2 6  mm) d e v i c e  w i t h  a f l a r e d  anode. R e p r e s e n t a t i v e  anode f a l l  v o l t a g e ,  e s t i m a t e d  by  anode l o s s e s ,  
were i n  t h e  15 t o  30 V range  f o r  t h e  a rgon  and h e l i u m  MPD a r c j e t s .  A l l  t he rma l  e f f i c i e n c y  r e s u l t s  
c o r r e l a t e d  w e l l  w i t h  t h e  p r o d u c t  i 1 / 2 V  p a r a m e t e r .  Argon and h e l i u m  d a t a  sugges t  t h a t  h1j2V must  
be g r e a t e r  t h a n  0 . 7  V-kg1 /2 -sec -1 /2  t o  o b t a i n  t h e r m a l  e f f i c i e n c i e s  i n  excess o f  60 p e r c e n t .  
same t i m e ,  t h e  
i n t e r e s t .  

The s e n s i t i v i t i e s  o f  d i s c h a r g e  c h a r a c t e r i s t i c s  t o  a r c  c u r r e n t ,  mass f l o w  r a t e ,  and a p p l i e d  mag- 

H i g h e r  a r c  v o l t a g e s  and the rma l  e f f i c i e n c i e s  were o b t a i n e d  u s i n g  t h e  l a r g e r  anode channel  

A t  t h e  
J2/h paramete r  must be s u f f i c i e n t l y  h i g h  t o  p r o v i d e  s p e c i f i c  i m p u l s e  v a l u e s  o f  

G 

J 

Jm 

i 

Pe 

PQ 

PO 

P e / i  

V 

"e 

' t h  

NOMENCLATURE 

paramete r  t h a t  depends on t y p e  o f  p r o p e l  l a n t ,  V -kg1 /2 -sec -1 /2  

a r c  c u r r e n t ,  A 

magnet c u r  1' en t 

mass f l o w  r a t e  

e l e c t r i c  power 

power loss  t o  

i n l e t  c o l d  gas 

A 

k g / s e c  

W 

he e l e c t r o d e s ,  W 

power,  W 

s p e c i f i c  power,  J / k g  

a r c  v o l t a g e ,  V 

e f f e c t i v e  anode f a l l  v o l t a g e ,  V 

t h e r m a l  e f f i c i e n c y  
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